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A welding automation system should have two essential functions. The first function is the ability to control the position and orientation of welding torch in order to track the weld seam with a high precision. The second function is the adjustment capacity of the welding process variables, such as welding current, voltage, torch speed, wire feed rate and etc, in real time. Sensing and control techniques are the two most important keys to achieve these two functions. The welding features, such as weld joint dimensions and the welding pool geometry, should be detected accurately in the control of welding process. This means that the sensing technology is required. Up to now, many sensing strategies have been exploited in this field. Control strategies are also important for welding automation. Proper control method should be adopted to tune the welding process online so as to obtain a decent welding result according to the welding features measured by sensors. Generally, traditional control strategies are not sufficient to achieve a good performance due to the complex and nonlinear characteristics of welding process. Fortunately, intelligent techniques, such as artificial neural network and fuzzy logic, provide with a new way to conduct the control task.
The motivation of this paper is to investigate the sensing and control techniques in robotic arc welding by presenting an extensive literature review. The rest of this paper is arranged as follows. In section 2, the sensing and control methods for seam tracking are discussed. Section 3 presents the ways to detect the weld pool, where the control strategies for welding process variables are also discussed. At last, a brief conclusion is presented in section 4.
Weld seam detection and tracking

Weld seam detection
The working trajectory of traditional welding robot with the mode of teaching and playback needs to be taught before welding. This teaching process is tedious and time-consuming. Besides, as known to all, welding conditions can be affected easily by many factors, and discrepancy between the pre-teaching trajectory and the welding seam often occurs during the welding process. This may lead to the failure of the weld. As such, it is necessary for a welding automation system to have the seam tracking ability.
The most essential issue in the seam tracking process is how to obtain the information of weld joint reliably. 8 used an arc sensor to achieve seam tracking function based on the fact that the welding current is proportional to the electrode-to-work-piece spacing. The profile of the weld joint can be obtained by weaving the arc back and forth across it. The arc can then be centered according to the deviation between the measured signal and a pre-set reference signal at each oscillation. In the case of symmetrical weld joints, the current can only be sampled at the right and left extremities. It means that the torch is centered when the error between the two signals is equal to zero.
The usual weaving arc sensor needs a weaving pattern in welding process and its weaving frequency cannot over several tens Hz. As a result, it is difficult to apply it to corner part, rotating part, tin plate welding, and overlap welding. Jeong et al 9 presented a seam tracking system based on high speed rotating arc sensor. Faster welding speed can be achieved by using this system.
Conventional arc sensor can detect the deviation between the weld joint center and the oscillating center. However, it is difficult to detect the deviation, the height and the attitude of the torch, simultaneously. A neural arc sensor was proposed by Ohshima et al 10 to simultaneously detect them. Its inputs are the current and the voltage in one period of the oscillating of the torch. The training data It can track a seam that curves freely on a two-dimensional surface. The system detects seam by scanning the area ahead of the torch and monitoring the amplitude of the reflected waves from the work-piece surface. Two ultrasonic sensors (a transmitter and a receiver) mounted on a stepper motor are used to perform the scanning task. It is important to make sure that the transmitter angle is the same as the receiver angle. The receiver receives most of the reflected waves if there is no seam. Otherwise, most of the transmitted waves are dispersed in directions other than that of the receiver. This system can be used to weld very shiny surfaces. However, the under-detected seam should be less than 0.5 mm in width and 0.5 mm in depth.
Vision sensor has been considered more promisingly than other sensors in the seam tracking field. The visual sensing technology can be divided into passive method and active method according to imaging light source. In a passive method, no assistant light source is needed to illuminate the region of interest. On the contrary, in an active method, assistant light source is needed. Both of the two methods have been employed in seam tracking field. Many arc welding systems have been established by using passive vision techniques. Richardson and Anderson developed a television-based system for the tracking of butt weld joints 11 . The vision device was embedded in the welding torch barrel to observe the weld joint. Normally, in a vision-based seam tracking system, the CCD camera can only see a segment of very short seam. Therefore, it is difficult to achieve high speed seam tracking. Liu and Xie 12 proposed a novel way to solve this problem, where a paraboloidal mirror was laid in specifical position above the tip of welding wire, and a CCD camera was fixed on the weld torch. In this way, a part of arc light was changed into parallel one. The reflected light shined on the seam, and then the camera could see a segment of longer seam while the arc light jamming was weakened. The use of passive method in the weld seam tracking was also investigated by Li and Middle
13
. The passive vision system is easy to design. However, without assistant light source, the weld joint information can be polluted easily by background light when using passive method to conduct the seam tracking work. Difficulties may be added to the processing of sensing data. Moreover, under some severe conditions, the weld joint may not be detected at all.
Robust result can be achieved by using active method, structured light vision proves to be useful for industrial applications. Inoue et al 14 used structured light to locate the butt weld joint and determine the gap width. In the recent years, laser-based vision sensor has been paid a hot attention due to its high speed, high accuracy and robustness. Many seam tracking systems have been developed based on this and in general these systems can be classified into two categories. In the first category, a laser stripe is projected on the work-piece a short distance in front of the torch 15 -18 . The shape of the stripe reflects the weld seam's information. A CCD camera captures the image of the stripe, and the weld joint dimensions can be obtained after the image is processed. In this approach, the specular reflections from the surface of the workpiece can cause difficulties to image processing. This problem is alleviated with the help of an optic filter fixed under the camera. Only the light whose wavelength is near that of the laser can pass through the filter. In this way, redundant lights are removed and the quality of the image is improved. A typical structure of this category is shown in Fig. 1 . In the second category, a scanning beam of light is used to across the weld joint 19 -20 , and such sensors are usually bulky because they require moving parts to scan the laser beam. The profile is obtained directly from the depth values recorded across the weld joint.
The active vision based seam tracking systems can obtain the weld joint features reliably. However, the sensors detect the weld joint at a distance in front of the torch in these systems. Difficulties will be brought to the torch control task, especially when the underdetected weld joint is complicated.
The welding torch adjusting strategy
During the welding process, the welding torch should be adjusted to follow the seam precisely according to the weld joint features. Classical controllers, such as PID controllers, are sufficiently suited to perform this task if the weld joint is regular and there are no disturbances. However, the welding process is very complex and can be influenced by many highly nonlinear factors. In order to obtain satisfactory products, intelligent control methods are often needed to perform the torch adjusting task. Fuzzy logic controller can well utilize expert's experience and knowledge, and become the most widely used technique for the design of the seam tracking controller. Zhang et al 4 introduced a fuzzy-p control strategy to tune the torch of a cross slide based seam tracking system. If the error between the torch position and the centerline of the weld joint is not less than a preset threshold, proportional control is adopted to improve response speed and reduce regulating time. Otherwise, Fuzzy control is adopted to improve the stability and control precision of response and decrease system overshoot. The mathematical model of the fuzzy controller is u=α e + (1-α) ec (1) where e is the fuzzy quantity of error, ec is the fuzzy quantity of error variance ratio. u is the output of fuzzy quantity. ec is the adjustment factor which reflects the weight of e and ec, and it varies from 0 to 1. Fig. 1 The typical structure of the first type of laser-based vision sensor Fig. 2 The structure of fuzzy-p
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During the welding process, α is obtained through a parameter self-tune module. Fig. 2 
Weld pool detection and control
The fact that the torch precisely follows the weld joint does not surely yield an excellent welding result. In fact, the geometry of the weld pool is a crucial factor in determining the welding quality. Welding variables such as arc voltage and current, wire feed rate and travel speed should be regulated carefully online to get optimum geometric properties of the process. For this purpose, the geometrical features of weld pool must be detected online. Proper control method should be adopted to tune the welding variables according to the detected features. .
Weld pool detection
However, more precise measurement can be directly obtained through the visionbased method. The coaxial viewing method was used in 30 
-
31 to obtain weld pool images. However, a big problem of this method is the low intensity contrast of the pool against the surrounding area. Kovacevic 32 solved this problem by illuminating the area of interest to increase the reflection from the solid area. In his work, the control vision ultra-high shutter speed vision system 33 , which consists of a high intensity pulse laser illumination unit, a camera head and a system controller, was used. In this way, good weld pool contrast can always be obtained.
In a typical configuration of the vision-based weld pool detection system 34 -36 , the CCD camera is attached to welding torch and takes pictures of weld pool behind the torch. In general situations, the strong arc light will disturb the detected pictures of the weld pool greatly. To reduce this disturbance, weld pool image are usually captured in the low current duration.
Chen et al 37 presented a sensing system for full penetrated welding, which captures the topside and backside vision images of a weld pool in the same frame simultaneously for pulsed Gas Tungsten Arc Welding (GTAW) process. The sensing system includes topside and backside light path and composite filters. A CCD camera takes both topside and backside images simultaneously through the doubleside imaging light path system. Fig. 3(a) shows the structure of the sensing system.
A computer vision sensing system for GTAW was established 38 . The structure diagram of the vision sensor is shown in Fig. 4 . The main element in the sensor is a CCD camera. A two-step reflecting light path system was adopted to decrease disturbances during welding. The camera captured weld pool images through a composite filter system, which consisted of a neutral density filter and a narrow band filter. The sensor was fixed to the rear of the robotic welding torch for a clear view of the weld pool. The camera lens center, reflector center and the axis of the torch were set in the same plane.
(a) (b)
The tuning of the welding variables
The first thing that should be cared about to design a control strategy for the real-time tuning of the welding variables is to specify the variables of welding process. During the arc welding process, both the geometric and thermal variables, such as welding voltage, current, torch speed, wire feed rate and cooling rate, can be altered online for precise welding results. The geometry characteristics of the weld pool are heavily related to the welding quality, especially the width and penetration. Many methods have been proposed to adjust them.
The relationship between the current and the weld pool width during metal inert gas (MIG) welding was explored and used to control the pulse width of the pulsed current to achieve an optimum weld pool width 34 . The pseudo-gradient controller was applied by Henderson et al 39 for the regulation of the width of the weld pool with the input of only the speed of the torch. Fuzzy logic controller was used by Alzaiiiora et al 40 to control the weld pool width in MIG welding. The weld pool width depends on the arc length, so the arc length should be kept constant during welding process. This fuzzy logic controller is shown in Fig. 4 . It was constituted by three fuzzy controllers, where controller 1 controls the weld pool width, and controllers 2 and 3 are used to keep arc length constant. Welding speed and wire feed rate were controlled by Sharif et al 41 to get desired bead height and arc position. Chen et al 37 explored methods to control the weld pool in real-time for pulsed GTAW process. According to two-dimensional characteristics, artificial neural network (ANN) was used to model the relationship between the top shape parameters and back width of weld pool. A self-learning controller based on single neuron was proposed to control the weld pool dynamics. Two-dimensional characters cannot define the weld pool completely. For more precise results, the control of the backside width and topside height of the weld pool was also realized based on three-dimensional characteristics in this paper.
The control of the penetration is one of the most challenging problems in arc welding automation since it cannot be obtained from front-face. In full penetration welds, the penetration can be obtained from the back-face measurements 42 . However, it is not practical. On the one hand, it will add the complexity of the vision system. On the other hand, the back of the work-piece cannot be accessed to under some conditions, such as pipe welding. In fact, the penetration can be adjusted indirectly through the control of front-face measurements.
The depth of penetration can be estimated by the geometry of the weld pool, especially its width. Rider 51 proposed a method that controls the penetration by regulating current and torch speed according to the relationship among penetration, weld pool width, current and torch speed. Hirai et al 35 used the multi-layered fuzzy inference to estimate the penetration depth from the welding current, the surface shape of the weld pool and gap. Pietrzak and Packer 43 proposed a vision-based system which indirectly controlled the weld penetration by adjusting the weld pool width. PID controller was exploited and the current was used as the control variable. A neural network model 44 was used to describe the relationship among the gap, the welding current and the penetration. Based on the model, a neural network controller was constructed. The gap, the deviation of penetration and the current were selected as the inputs of the controller. The penetration was well controlled in this way. Ohshima et al 45 presented a neurofuzzy method to control the weld pool depth without mathematical model. The depth was estimated by neural network according to the weld pool shape, the groove gap and the welding current. The output of the neural networks was controlled with the fuzzy controller. Compared to other adaptive techniques, neuro-fuzzy based control system combines both the advantages of fuzzy system, such as the transparent representation of knowledge and the ability to cope with uncertainties, and the advantages of neural networks, such as the ability to learn. Many other similar neuro-fuzzy based methods have been developed to control the weld pool penetration 22 , 35 . Except for the geometrical characteristics, other factors can be used to estimate the depth of penetration. Temperature measurements in the weld pool area were used by McCampbell et al 46 to generate a feedback signal proportional to the depth of penetration. The control system was designed to keep a constant penetration with the torch speed as the control variable. Fihey et al 47 showed that correlation exists between depth of penetration and the solidification time of the weld pool, which can be estimated from the thermal gradients measured by infrared thermograph.
In addition to geometry characteristics, thermal characteristics are also important in determining the welding quality and can be controlled to obtain a satisfactory welding result. A pseudo-gradient adaptive algorithm was applied by Nishar et al 48 to the control of the centerline cooling rate. Jin et al 49 dealt with the problem concerning the cooling rate and the weld pool width in circumferential GTAW process. A three layers neural network model was constructed. The welding speed and the welding current were determined to obtain the desired pool width and the cooling rate by using the model and the steepest descent method. Tzafestas et al 50 investigated the application of conventional and neural adaptive control schemes to get desired thermal or geometrical outputs.
As mentioned above, many control strategies have been exploited to control the welding variables. They can be classified into two categories. The first category is the model-based strategies 34 whose advantage is easy to be realized. However, explicit mathematical models are required when these strategies are used to control the welding process. These models, which are usually determined by open-loop tests using step inputs, cannot clearly specify the highly coupled relationships between the various process inputs and outputs. They are valid only in the range of small areas of process parameters. The second category is the model-free strategies, such as neural network and fuzzy logic based controllers 36 , 45 . They do not need mathematical models and are suitable for highly nonlinear plants.
Conclusions
The main task in welding automation is to make sure that the welding torch always follows the weld seam precisely and the welding process variables related to heat input such as current, voltage, wire feed rate, torch speed are controlled online during the welding process. Sensing and control techniques, which are the keys to fulfill this task, are surveyed in this paper. The sensory methods used in the detection of weld joint dimension and the welding pool geometry are presented. Various control strategies, which can be employed to track the welding seam and tune the welding process variables according to the sensory information, are also discussed in detail.
It is obvious that the sensing and control techniques in robotic arc welding have been much developed. However, they still have a long way to go in both research and practice. More accurate, reliable and real-time sensing methods are still needed to acquire information with high SNR (signal to noise ratio) even in severe environments. Moreover, another problem that should be paid more attention to is multi-sensor fusion. An automatic welding robot, which has the seam tracking and welding parameters adjusting functions, contains at least two sensors. In some special applications, more sensors such as touch sensor, thermal sensor, etc, are needed. Efforts need to be made on the best use these sensors to achieve desired performance.
When it comes to the controlling of the welding process, highly robust control strategies are strongly needed to deal with the complex, nonlinear and dynamic arc welding process. During the welding process, a tiny error such as a small deviation between the torch and the weld joint may result in products with poor quality. Although current control methods, especially the neural networks and fuzzy based ones, have good adaptive abilities, they are not mature enough to avoid the produce of errors. On the other hand, arc welding is physically complex. It contains many interactions between heat, arc and arc force. The welding results can be affected by many factors such as the heat transfer condition, material, thickness, chemical composition of the work-piece, shielding gas, etc. In the current welding process control systems, only a few selected welding parameters are adjustable, which are not enough for welding tasks to acquire more flexible performance.
The understanding of the welding process is also very important. Because of its complexities, the welding process has not been fully explained. It will be much easier to design more effective sensing and control strategies if the welding process is known better. Fig. 4 The structure of the fuzzy logic controller
